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ABSTRACT 
 
 
Evapotranspiration of Kentucky Bluegrass 
 
 
by 
 
 
Lynda L. Fenton, Master of Science 
 
Utah State University, 2010 
 
 
Major Professor: Dr. Lawrence E. Hipps 
Department: Plants, Soils, and Climate 
 
Rapid population growth in arid regions of the western US is placing increased 
demand on water resources. Variability in precipitation and common occurrence of 
drought have promoted scrutiny of water use in urban lawns and gardens.  However, few 
reliable measurements of water use of these landscapes exist.  Quantifying the amount of 
water used vs. required by landscapes such as turfgrass would allow significant water 
conservation.  Evapotranspiration (ET) is affected by biophysical factors such as: 
available energy, turbulent mixing, saturation deficit, soil water, and stomatal 
conductance.  In order to simulate the water use by turfgrass, the relative importance of 
these processes must be determined for this environment.  This study measures ET rates 
for Kentucky bluegrass using eddy covariance techniques, to quantify water use under 
various conditions.  The results are combined with a coupled form of the Penman-
Monteith Equation to determine which biophysical factors affect the ET rate under 
various atmospheric conditions, especially the advection of heat and saturation deficit 
from the regional atmosphere.  In addition, changes in ET and other properties of the 
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vegetation were monitored during a period of reduced irrigation or dry-down.  These 
results will help determine the amount of water such landscapes actually need.    
                                (97 pages) 
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CHAPTER 1 
GENERAL INTRODUCTION 
 
 
 The excessive use of water for maintaining residential landscapes and parks, 
especially in dry, arid regions, is becoming a significant problem in urban environments.  
Water resources for large and growing populations in the present and future are uncertain. 
With an increasing population, water supply and use will likely pose problems in the near 
future.  The first step to addressing the issue is to quantify how much water is used in 
urban landscapes. The first choice is turfgrass, as it is a typical choice for urban 
landscapes.  Making reliable measurements of evapotranspiration (ET), and gaining a 
better understanding of the biophysical properties that control ET are critical steps in our 
knowledge of the water usage of turfgrass.    
Kentucky bluegrass (Poa pratensis) is a typical choice for lawn landscaping due 
to its aesthetic appeal, softness, medium to fine leaf texture, high shoot density, dark 
green color and persistence.  Current estimates of evapotranspiration of well-watered 
turfgrass range from 2.5 to 7.5 mm day
-1 
(Fernandez et al. 1993) depending on 
environmental conditions.  The biophysical properties that control ET rates over well-
water turfgrass in semiarid environments are not well understood.  It has also been shown 
that studies based on well-watered turfgrass are not good indicators of the water-use of 
turfgrass under water stress.  Studies indicated that it has become necessary to assess 
turfgrass evapotranspiration under water stressed conditions (Fernandez et al. 1993).  In 
addition to these measurements, understanding the biophysical processes Kentucky 
bluegrass undergoes during certain conditions, and especially during drought are 
important factors in better managing our water resources.     
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1.1 Estimating ET 
 
1.1.1. Reference ET 
 
It is necessary to understand the science behind evapotranspiration of turfgrass 
before we can properly evaluate and predict its water use.  Evapotranspiration is the 
water lost to the atmosphere by transpiration and evaporation.  ET is affected by factors 
including: available energy, turbulent mixing, saturation deficit, soil water and stomatal 
conductance.  Previous attempts to model water use of turfgrass have generally been 
based on reference ET.  Reference ET is a description of what ET would be for an 
idealized surface under the atmospheric conditions present.  This idealized or reference 
surface is defined as an extensive surface of green vegetation of uniform height, actively 
growing, completely shading the surface, having minimal stomatal resistance and 
adequately watered (Allen et al. 1998).  This value is typically called Reference ET and it 
is not actual ET.  To estimate actual ET using this approach, one must determine the 
value of a parameter to convert reference ET to actual ET.  This has traditionally been 
defined as a “crop coefficient” or kc.  
The above model assumes that actual ET is linearly related to reference ET.  The 
values of kc have been estimated for different varieties of crops.  There is no reliable kc 
value specified for turf, which makes it essential to find an accurate estimate.  If 
Reference ET is calculated and then used together with an actual ET measurement, an 
estimate of the kc value can be determined.  It is unknown whether the kc values being 
used currently for irrigation scheduling of turfgrass are accurate. 
There have been studies examining the stability of crop coefficients.  Annandale 
and Stockle (1994) described the variations that occurred in crop coefficients when used 
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in different locations.  The assumption was that if variations in weather were accounted 
for by reference ET variations, the kc values would be universally valid.  Using an energy 
balance model, they found that with decreasing crop canopy resistance and increasing 
crop height the universal validity of the value was not fulfilled.  They also found that the 
kc values tend to change with weather when studying taller crops and/or with lower 
canopy resistance than the grass used as a reference.  Their results suggest caution using 
kc values under different environmental conditions from those at the site where they were 
experimentally derived. 
Jagtap and Jones (1989) also did a study on crop coefficients to see whether there 
was variability when used under different climate and management conditions than where 
they were developed.  They found large seasonal errors in ET values when vapor pressure 
was reduced from 2600 Pa to 1400 Pa, and when there were site differences in wind 
speed, radiation, irrigation interval, temperature and planting dates.  They found that 
corrections factors (ranging from 0.73 to 1.30 depending on time of season, climate and 
management variables) were needed to adjust the crop coefficients.  They separated the 
plant and soil coefficients, and found the plant coefficient to be relatively stable.  Their 
work suggests that it is possible to use crop coefficients at sites other than where they are 
developed if more processes are considered. 
Other studies reported the errors using this approach tend to be small.   Allen et al. 
(2005) found that using crop coefficients to calculate ET overestimated values by only 
about 8%, by using a kc value that represents potential and ideal growing conditions, 
whereas crops in the study were not always in the ideal condition due to water and 
agronomic conditions.  A study done by Perez et al. (2006) suggested that in semiarid and 
4 
 
windy areas with high evaporation rates, and using a constant rc (stomatal resistance) 
value, the Penman-Monteith equation tends to underestimate high values of reference ET 
during the summer months, and overestimate the lower reference ET values during the 
winter.  The extent of the underestimations has been found to be between 2 and 18%.  
They found the errors seem to be related to stomatal resistance.  Since stomatal resistance 
depends on environmental variables, an approach that models rc as a function of climatic 
variables may be an alternative way of overcoming such limitations. 
In understanding the science behind ET, it is essential to understand the effects of 
different environmental and physiological conditions as well.  Drought conditions 
significantly affect water supply.  There have been studies done, where irrigation was 
reduced, and turf quality measurements were observed.   One such study by Feldhake et 
al. (1984), found that with a decrease in irrigation there is a reduction in turfgrass quality.  
In another study by Biran et al. (1981), it was found that delaying irrigation until the 
onset of temporary wilting resulted in a decrease of the water consumption and growth of 
the turf.  Their results showed that turfgrass under stress had a decline in photosynthesis, 
and a decrease in transpiration caused by a decrease in soil water potential. 
Previous studies of plants previously exposed to water deficit (drought 
preconditioning) found a reduction in osmotic potential and lower reductions in stomatal 
opening and photosynthetic rate during a drought.  These results show that it is possible 
for plants to increase their resistance to stress (Huang and Jiang 2000).  Unfortunately, 
the interactions of drought and heat stress are not well understood in cool-season 
turfgrass and more research is necessary to identify all the factors involved. 
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The stomatal closure mechanism has been shown in many studies as a drought 
tolerance mechanism used to reduce plant water loss.   Unfortunately this mechanism can 
also cause some very negative consequences.  Throssell et al. (1987) showed that when 
the stomates close, carbon dioxide fixation is reduced which leads to temperatures 
increases in the plant canopy due to the drop in transpirational cooling. The interactions 
of drought and heat stress are not well understood in cool-season turfgrass and more 
research is necessary to identify all the factors involved (Richardson et al. 2008). 
Numerous studies have been done that document some of the different effects 
reduced irritation and water deficit has on turfgrass.  But there have not been significant 
studies done that document the response of turfgrass ET to reduced irrigation, and 
examine the various processes at work.  As water becomes more limiting, such 
knowledge is critical.   It is not enough to measure the changes in ET associated with 
reduced irrigation. The changes in the key biophysical properties with reduced soil 
moisture should be documented in order to design models.  
There are numerous techniques in measuring ET.  The eddy covariance technique 
is an ideal method used when calculating water usage of plants in large areas and for long 
periods of times.  This technique estimates atmospheric fluxes of mass and energy at the 
surface.  This method measures the covariances between fluctuations of vertical wind 
velocity, heat, water vapor and CO2.  This method is restricted to extensive and 
homogenous vegetation.  Averaging the measurements over adequate time periods has 
been shown to reduce random sampling errors to very small values (Baldocchi 2003). 
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1.2 Summary Statement 
 
Reliable measurements of ET are lacking to document the water use of turfgrass 
under normal conditions, as well as during water stressed periods.  These values will 
allow for the development of models that incorporate physical and biological processes.  
The knowledge gained from these models will then be used in educating the public on 
property strategies of water management. 
 
1.3 Objectives 
 
 Given the current state of knowledge of turfgrass water use, and the long-term 
needs of water management, the following objectives are proposed: 
1.  Make eddy covariance measurements of ET and energy balance of irrigated Kentucky 
bluegrass, during several growing seasons.  
2.  Use these ET measurements to evaluate the current reference ET models. 
3. Use the energy balance and the Penman-Monteith Equation to determine which 
atmospheric and biophysical factors govern ET under various environmental conditions. 
Especially address the role of advected heat from the surrounding lands.  
4. Perform a dry down experiment to study the response of stomatal conductance, foliage 
temperature and ET to water stress. 
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CHAPTER 2 
EVAPOTRANSPIRATION OVER KENTUCKY BLUEGRASS 
 
 
2.1  Introduction 
 Irrigation of urban landscapes (i.e. Kentucky bluegrass) in arid regions has 
increased over the years due to increases in population.  Unfortunately, the water used to 
keep these plants looking aesthetically appealing has been increasing, while the water 
availability has not.  The general public has not been well-educated on how to conserve 
water, and continue to irrigate lawns with little concern about whether the water applied 
is actually needed.   Limited water resources are likely in the near future, and suggest that 
water conservation may not be a choice, but rather a necessity in arid regions.  Since most 
urban water use in the western US is due to irrigation, it must be done more efficiently.  
In order to accomplish this, reliable measurements and models of the evapotranspiration 
(ET) of irrigated turfgrass must be developed. 
Not only are reliable measurements of ET essential, but the environmental and 
biophysical properties that control ET, must be documented.  It is known that properties 
of available energy, turbulent mixing, saturation deficit and stomatal conductance govern 
ET rates of vegetation.  But the relative importance of each factor needs to be understood 
for the efficient irrigation of turfgrass in urban and arid environments.  There have been 
studies incorporating one or more of these properties, which usually raise new questions 
about how they affect ET.  Perez et al. (2006) stated that stomatal resistance is not easy to 
estimate for different climates and crop irrigation conditions because it is influenced by 
solar radiation, temperature, vapor pressure deficit and soil water content.  This is the 
reasoning for the use of a constant value of 70 sm
-1 
(Allen et al. 1998) for stomatal 
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conductance when defining the reference ET surface. If the advection of saturation deficit 
is not taken into consideration, simulated values of ET can often be incorrect.  Zermeño-
Gonzalez and Hipps (1997) showed that the transport of heat and saturation deficit from 
drier surfaces can enhance the evaporation rate in arid regions and modify the energy 
balance. Hence, understanding and simulating the ET of irrigated turfgrass requires 
further knowledge of the relative importance of key biophysical processes, and reliable 
measurements of actual ET. 
 The objectives of this study are to make reliable measurements of ET over 
turfgrass in an arid region using the eddy covariance technique, and determine which 
atmospheric and biophysical factors govern ET under various environmental conditions, 
especially addressing the role of advection.  The ET measurements will be used to 
evaluate current Reference ET models and calculate crop coefficient values.  The 
modified Penman-Monteith model coupled to the atmospheric boundary layer and a 
stomatal conductance model will also be implemented to determine the relative 
importance of key processes in controlling the ET values.  In order to study the changes 
due to water deficit, a dry down experiment to study the response of stomatal 
conductance, foliage temperature and ET to water stress will be performed. 
 
2.2 Theoretical considerations 
 
2.2.1 The ET process 
The biophysical properties of the environment are critical to understanding 
evapotranspiration (ET).  The main properties that must be considered are available 
energy, turbulent mixing, saturation deficit and stomatal conductance.  The relationship 
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between ET and these other variables is given by the well-known Penman-Monteith 
Equation: 
                 
                        (2.1) 
 
where Rn is net radiation, G is soil heat flux (W m
-2
 ), cp is specific heat capacity of air (J 
kg
-1
 K
-1
),   is the slope of the saturation vapor pressure vs. temperature curve (Pa K-1),  
a is the density of moist air (kg m
-3
), ra is an aerodynamic resistance (s m
-1
), rc is  bulk 
canopy resistance (s m
-1
), ea is saturation vapor pressure at the air temperature (Pa) and ea 
is the atmospheric vapor pressure (Pa). So (es-ea) is the saturation deficit of the air. And 
  is defined by: 

 
Pc p
L
                             (2.2) 
where P is atmospheric pressure, L is latent heat of vaporization, and  is the ratio of the 
molecular weights of water vapor to dry air, equal to 0.622, (Pa K
-1
). 
Available energy is defined by Rn-G, since some of the net radiation is consumed 
by soil heat flux (G).  This energy is available to drive the fluxes of sensible heat and 
evapotranspiration.  Turbulent diffusion also affects ET rates, since eddies transport 
water vapor away from the evaporating surface, allowing the saturation deficit to be 
maintained. This effect of turbulence transport is hiding in ra term or aerodynamic 
resistance. The efficiency of turbulence transport is inversely proportional to the 
aerodynamic resistance.   
Advection can also play a role in the enhancement of ET especially in arid 
regions.  Technically, advection describes the movement of any property by the mean 
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wind.  In this case, we consider horizontal advection of warm, dry air from surrounding 
arid regions, over cooler and moist regions such as a plot of turfgrass.  The advected heat 
and drier air is then transported to the moist surface by turbulence.  The advection of 
saturation deficit from surrounding arid regions not only increases the evaporation rate, 
but alters the energy balance (Zermeno-Gonzalez and Hipps 1997).  Figure 2.1 is an 
illustration of the role advection plays on the energy balance.  The advection effects are 
hiding in the saturation deficit term in the second half of the Penman-Monteith equation. 
Both halves of the equation are limiting factors of ET rates, depending on the 
environmental conditions at the time. 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 2.1 Illustration of the effect of advection on the energy balance. 
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Stomatal conductance is a critical factor that governs evapotranspiration.  
Stomatal conductance describes the ability of water vapor and carbon dioxide to pass 
through the stomates.  It is known to be dependant on light, saturation deficit, and water 
availability.  During conditions of large saturation deficit or limited water supply the 
stomates may partially close, acting as a mechanism to limit transpiration losses.  This 
acts to reduce the rate of evapotranspiration.   
 
2.2.2. Reference ET 
Due to the complex instrumentation and analysis required to make reliable actual 
ET measurements, the most common model being used to estimate ET of turfgrass in the 
literature at this time is the reference ET and crop coefficient method.  
This approach introduces the concept of an idealized surface, and estimates the 
ET which would occur for this surface under the observed atmospheric conditions.  In 
FAO Publication #56 - Expert Consultation of Revision of FAO Methodologies for Crop 
Water Requirements, the reference surface is defined as: “A hypothetical reference crop 
with an assumed crop height of 0.12 m, a fixed surface resistance of 70 sm
-1
 and an 
albedo of 0.23.”  This “ideal” reference surface resembles an extensive surface of green 
grass of uniform height, actively growing, completely shading the surface that is being 
adequately watered.  Few, if any surfaces completely meet these criteria.  Turfgrass 
would be a reasonable approximation for such a surface, but not completely, due to the 
height, variations in water supply etc.  Due to these idealized conditions, studies done by 
Pereira et al. (1999) and Perez et al. (2006) show this method has a tendency to 
overestimate ET. 
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The crop coefficient is a parameter to convert reference ET to actual ET.  It is 
often used in irrigation scheduling and water balance studies.  The crop coefficient is 
used to distinguish the characteristic of the surface being studied (in this case, turfgrass) 
from the idealized reference surface defined above.  The resulting model is ETc=kc*ETo 
where actual crop evapotranspiration is ETc, reference crop evapotranspiration is ETo, 
and the crop coefficient is kc. The advantage of this equation is that it is simple and 
requires inputs that are often available.  This coefficient integrates the effects of both 
transpiration and evaporation over time under typical growing conditions in an irrigated 
setting.  All other biophysical processes are incorporated into the single value of kc which 
varies with different varieties of crops, stages of growth and soil moisture.   
It is unknown whether the kc value of 0.8 presently being used for irrigating 
scheduling of turfgrass is correct making it essential to acquire accurate estimates. This kc 
value is found in the FAO Publication #56, and used primarily for non stressed, well 
managed crops in subhumid climates.  This value is subject to change due to variations in 
magnitude and wetting frequencies from sprinkler irrigation or rainfall.  The concern is 
that turf is either being under or overwatered, due to the lack of accuracy in the current kc 
value.  The best way to validate this value is through experiments where actual ET is 
measured, reference ET calculated, and a kc value is determined.  This is one of the 
focuses of this study. 
 
2.2.3. Modified Penman-Monteith 
In order to express the effects of the local surface on D vs. the import of drier air 
aloft, the Penman-Monteith equation was modified by McNaughton and Jarvis (1983). 
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They introduced a coupling factor to specify the relative importance of available energy 
vs. saturation deficit in ET.  It is denoted by , which they define as follows: 
 “…Ω sets the relative importance of the equilibrium term which is the transpiration rate 
that would be achieved if the surface were isolated from the bulk PBL (atmospheric 
boundary layer) by a very large resistance and a term that represents the transpiration rate 
that would occur if the saturation deficit in the outer layer were imposed at the surface 
with no local adjustment” (McNaughton and Jarvis 1983).  This modification allowed the 
classic Penman-Monteith equation to be coupled to the atmosphere boundary layer in 
order to connect the vegetation with a deeper layer of atmosphere, and account for 
processes such as advection and transport of saturation deficit from the atmospheric 
mixed layer.  Evapotranspiration can be limited by available energy, or a combination of 
saturation deficit, turbulent diffusion and stomatal conductance.  The relative importance 
of each process can be expressed by the resulting equation developed by McNaughton 
and Jarvis (1983): 
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where Dm in (Pa) is the saturation deficit in the atmospheric mixed layer, and Ω is the 
coupling factor. 
The coupling factor connects the mixed layer saturation deficit with the 
vegetation and fluxes at the surface.  During periods of large turbulence the surface and 
boundary layer are well mixed.  The saturation deficit in the mixed layer, Dm, is mixed 
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down towards the canopy and alters the saturation deficit at the vegetation.  Poor 
coupling occurs when there is little turbulence mixing, and the saturation deficit and ET 
are governed by available energy.  Figure 2.2 is a conceptual graphic of the sources of the 
energy exchanges and coupling factor. 
  
 
 
 
 
 
 
 
Figure 2.2 The relationship of the surface D and air outside the local boundary layer (a) 
with a small coupling factor and (b) with a large coupling factor.   
 
 
The coupling factor technically can range from 0 to 1, and is a description of the 
importance of available energy vs. saturation deficit and stomatal conductance in limiting 
ET.  When the coupling factor is small, it is sometimes referred to as “imposed ET” 
because the saturation deficit from the surrounding areas is being imposed on the canopy.  
When the coupling factor becomes very small the first term becomes negligible, and ET 
is governed by saturation deficit imposed from air above and stomatal conductance.  
Coupling factors are most likely to be small for rough surfaces with larger stomatal 
resistance and larger turbulent exchanges. 
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So in this case: 

ET
CpDm
rc
                           (2.5) 
The opposite happens when the coupling factor approaches 1.  Now energy is the 
limiting factor, the imposed saturation deficit is not important, and the second term 
becomes small. When the coupling factor is large, it is sometimes referred to as the so-
called equilibrium rate.  Coupling factors are most likely to be large in areas with dense 
and well-watered vegetation, and when wind and turbulence are relatively small.  
So in this case ET approaches the equilibrium value ETeq or: 
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s
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                         (2.6) 
Figure 2.3 illustrates the concepts of energy-limited or equilibrium ET, and the 
ET under advective conditions.  During periods when energy is limited, saturation deficit 
of the air near the surface is directly connected with the ET of the local surface, as there 
is poor coupling to the atmosphere.  Available energy becomes the limiting factor for ET.  
During periods of advection stronger coupling of the surface and atmosphere result in the 
saturation deficit from either the mixed layer or local advection from nearby surfaces, 
being “imposed” on the transpiring surface.  Now saturation deficit and canopy resistance 
are the key properties limiting ET.  
To utilize this approach requires that the saturation deficit be known in the mixed-
layer of the atmosphere.  Such observations are not routinely available.  Hattori (2004) 
was able to replace the mixed layer saturation deficit with the local surface air saturation 
deficit, measured in the dry region upwind of riparian vegetation.  Radiosonde data 
confirmed that in that particular study the nearby arid surface saturation deficit and mixed 
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layer saturation deficit were similar.  But in general implementing this approach is 
difficult due to lack of routine measurements of mixed layer saturation deficit. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 Conceptualization of energy limited and coupled cases.   
 
 
Figure 2.4 shows idealized vertical profiles of potential temperature and humidity 
for an inversion-capped ABL, typical in many regions during the summer. The two 
illustrations show that potential temperature and specific humidity decrease with height 
in the surface layer, and then become nearly constant in the mixed layer.  Above this 
level the air up to the mixed layer becomes stable.  The profile on the left shows 
temperature increasing with height and the figure on the right shows smaller values of 
specific humidity in the layer above the mixed layer.  This air is unstable and is sinking 
down into the mixed layer.  As this warm, dry air moves into the mixed layer, turbulence 
brings it down to the surface adding heat and saturation deficit. 
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The figure on the left shows temperature decreasing with height in the surface 
layer. In the mixed layer, the air is neutral due to the intensity of mixing. Above the 
mixed layer is an inversion layer where temperature increases with height.  This increase 
is temperature is the result of subsiding air related to upper level high pressure. The 
figure on the right shows humidity decreasing with height in the surface layer. In the 
mixed layer, the humidity profile is nearly constant.  Above the mixed layer humidity 
continues to decrease with height. 
 
 
   
 
 
 
 
 
 
 
 
Figure 2.4 Illustration of temperature and humidity profiles. 
 
 
2.3 Methods 
 
2.3.1 Measurements 
The Kentucky bluegrass plot used for this study is located near Logan, Utah at the 
Utah State University Greenville Farm (see Figure 2.5). The central portion of the plot 
was approximately 100 m x 90 m in size, with a fetch of about 126 m when the wind 
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direction is from the southwest.  An eddy covariance instrument tower was set up on the 
downwind side to measure turbulence fluxes.  
 
 
 
Figure 2.5 Aerial view of Greenville farm and the turfgrass plot. 
 
 
A fast-response water vapor and CO2 sensor (LiCor 7500) was mounted to 
measure values of carbon dioxide and water vapor densities.  A 3-D sonic anemometer 
(CSI-CSAT3) measured the three dimensions of wind speeds and sonic temperature.   
These instruments were placed 1.6 m above the surface. A temperature and humidity 
sensor (Vaisala HMP45C) was mounted at a height slightly above the eddy covariance 
sensors, to record average air temperature and humidity values.  Figure 2.6 shows eddy 
covariance tower with the CO2 sensor, 3-D sonic anemometer and air temperature and 
humidity probe and how they were mounted. 
Data were sampled at 20 Hz and sent to a CR 5000 data logger. Values obtained 
when winds came from behind the instrument or when wind directions created an upwind 
fetch that was too small, were removed from the analyses.  Two soil heat flux plates were 
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placed at a depth of 0.08 m near the instrument tower.  Soil temperature probes were 
installed at 0.02 and 0.06 m to measure average soil temperature changes in the layer 
above the plates. Soil moisture was measured in the upper 0.08 m of the soil with a CSI-
616 probe. A net radiometer (Kipp & Zonen NR-Lite) was mounted 1.2 m above the 
surface. There were periods of time when the data were not usable due to occasional 
environmental issues such as: thunderstorms/showers, and even snow early in the season.  
The turf plot was frequently irrigated and mowed on a regular schedule. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 Fast-response water vapor and CO2 sensor, 3-D sonic anemometer, Vaisala 
HMP-45C temperature and humidity probe (inside radiation shield) and net radiometer 
setup at Greenville Farm. 
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2.3.2. Data analysis 
 
Eddy covariance is based on the idea that upward and downward gusts of air, due 
to turbulence, are the mechanisms that move mass, heat and water vapor between the 
surface and atmosphere.  It assumes that steady-state conditions exist, i.e., that general  
atmospheric conditions are not changing rapidly over the averaging period, and that 
upwind areas are homogeneous, so that it can be assumed that the flux measured just 
above the canopy is equal to that at the canopy surface and fluxes are constant within 
certain range of height (Moncrieff et al. 1997).   
Once all the data were collected, they were analyzed by developing the necessary 
software.  Fortran computer programs were written to process the raw data into 
covariances, and make further corrections that included: wind coordinate rotation, Webb-
Pearman-Leuning corrections for density effects (Webb et al. 1980), frequency response 
of the sensors, and line or volume averaging (associated with path length averaging) 
(Massman 2000, 2001).   
 
2.3.2.1. Flux calculations 
The raw fluxes are mathematically equal to the covariance between the vertical winds 
and the property of interest.  The raw covariances were calculated for all components of 
wind, temperature and water vapor density for one-hour periods.   When calculating these 
fluxes it was necessary to lag the covariances in both an upward and downward directions 
until the maximum covariance was obtained.  This removes the effect of the separation of 
the sonic and water vapor sensor.  The fluxes of H and LE are defined as: 
''TwcH p                             (2.7) 
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''
vwLLE                              (2.8) 
where cp is the specific heat capacity of air, L is the latent heat of vaporization, T is the 
temperature, w is the vertical wind, and ρ, and ρv are air density and water vapor density.  
The prime symbol represents the fluctuation from the mean over the defined averaging 
period.  
 
2.3.2.2. Wind coordinate rotation 
The coordinate rotation is applied to account for any tilt of the sonic anemometer 
relative to the terrain surface.  In this study, the approach was from Tanner and Thurtell 
(1969).  A natural wind coordinate system, known as the Cartesian coordinate system (x, 
y, z) is where the x is parallel to the mean flow and increases in the flow direction.  The 
mean wind components along the y and z-axis are forced to zero.  The coordinate system 
for the 3D sonic anemometer is denoted by (x1, y1, z1), the wind values are output as (u1, 
v1, w1).  During the conversion to natural coordinates, the wind components are separated 
into mean values and deviations from mean values due to turbulence.  Conversion to the 
natural coordinate system requires the angle rotating around the z-axis, η, to make 0v  
and the angle rotating around the y-axis, θ, to make ,0w where 
 11arctan uv                           (2.9) 
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11arctan vuw                        (2.10) 
After the conversion, the components of ( ,,vu  and )w can be written as 
 sinsincoscoscos'' '1
'
1
'
1 wvuu                      (2.11) 
 sincos' '1
'
1 uvv                                      (2.12) 
23 
 
 sinsincossincos' '1
'
1
'
1 uuww                     (2.13) 
Next we move onto the actual wind coordinate rotation.  Eddy covariance 
assumes the mean vertical velocity is zero, but this will not be observed due to instrument 
noise, and if the sonic anemometer is not perfectly level or aligned with the mean wind.  
For this reason a wind coordinate transformation is necessary to result in a new 
coordinate system where u is consistent with the direction of mean flow, while the mean 
values of v and w are forced to zero.  The covariances of vertical wind and temperature 
and vertical wind and water vapor are used in the equations below where the rotated flux 
of any scaler Q is:    
))(('))((')(''' '1
'
1
'
1 SESTvQCESTuQCTwQwQ                  (2.14) 
  2/121211cos)( vuuCE                          (2.15) 
  2/121211sin)( vuvSE                           (2.16) 
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1cos)( wvuvuCT                     (2.17) 
  2/12121211sin)( wvuwST                         (2.18) 
 
2.3.2.3. Frequency response correction 
 The fluxes computed from the sonic anemometer and water vapor sensors all 
exhibit some high frequency attenuation caused in part by the finite temporal response of 
the sensors, and lateral separation of wind and scalar sensors (Massman 2000).  Recall 
the longitudinal separation was already corrected for, during the shifting of the data in the 
covariance calculations. Not only is there high frequency attenuation to worry about, but 
low frequency attenuation caused when the fluxes are estimated by block averaging over 
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a finite length of time (Panofsky 1988; Kaimal et al. 1989), high pass recursive digital 
filter while data is being acquired (Moore 1986; McMillen 1988), or linear detrending of 
the raw data time series (Rannik and Vesala 1999). 
 Massman (2000) described various approaches and equations used for frequency 
response corrections.  By incorporating methods used by Horst (1997), he was able to 
develop simple formulas for estimating flux response corrections for fast response open 
path eddy covariance system.  The equation used in processing the data here is given 
below:   
 
                      
                     (2.19) 
 
where M is the total number of instrument filters, τi is associated equivalent first-order 
time constant, and each of the associated filters are given in Table 2.1. 
 
Table 2.1 Equivalent time constants and their first order filters associated with the eddy 
covariance system. 
 
 
Cause of attenuation  Equivalent time constant of a first order filter 
Sonic anemometer line averaging  
(momentum flux) 
  lu/(2.8u)  (horizontal) 
Sonic anemometer line averaging 
(momentum flux) 
                        lw/(5.7u)  (vertical) 
Sonic anemometer line averaging 
(scalar flux) 
                       lw/(8.4u) 
Line averaging scalar sensor                        lscalar/(4.0u) 
Lateral separation                       llat/(1.1u) 
High pass filtering block averaging                       Tb/2.8 
*path length and separation distances are denoted by a subscripted l, u is the horizontal 
wind speed, and Tb is the block averaging period for calculating fluxes. 
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2.3.2.4. Webb, Pearman, Leuning 
Finally, we implement the Webb, Pearman, Leuning equation (Webb et al. 1980) 
used for density effects due to heat and water vapor transfer.  If the warmer air parcels are 
moving upward and cooler ones are moving downward, then there must be a mean 
upward velocity component in order to conserve mass.  The same effect occurs due to 
water vapor. The equation for the corrected vertical flux of latent heat is: 
''''' )/()1()/(' TwTwwLE vvavv                       (2.19) 
The first term on the right is the uncorrected covariance of vertical wind and water vapor.  
The second term is the correction for density effect due to water vapor transfer; μ is the 
ratio of the molecular mass of dry air (ma) to the molecular mass of water vapor (mv), v  
is the mean water vapor density and a is the density of dry air.  The third term is the 
correction for density effects due to heat transfer; 
a
v


  , and T is the mean 
temperature.  
 
2.3.2.5. Friction velocity 
 Friction velocity, u*, is a measure of turbulent intensity defined by:  
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where ρa is the density of air (kg m
-3), and τ is the vertical flux of horizontal momentum 
defined by: 
''uwa                             (2.21) 
where ''uw are the covariances between vertical and horizontal velocities. 
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2.3.2.6. Energy balance closure 
The energy balance of a surface must obey the conservation of energy, in this case 
latent and sensible heat, net radiation and soil heat flux. If all measurements were perfect 
and assumptions were met, then the equation would be balanced.  
GRLEH n                               (2.22) 
where H is the sensible heat flux, LE is the latent heat flux, Rn is net radiation and G is 
soil heat flux.   
Liu et al. (2006) showed that since the conditions under which these 
measurements are made are not ideal, the experimental evidence explains that the energy 
imbalance (usually between 5 to 30%) and its causes are site dependent.  It has also been 
accepted that methodological and instrumental problems are causes of energy flux loss.  
These results suggests that the fluxes can be either overestimated or underestimated 
depending on local atmospheric conditions, measurement errors in the sensible heat or 
net radiation and the ability of the instrument to measure small values of temperature and 
humidity. 
However, the problem is nearly always underestimation of the fluxes.  Any errors 
reduce a covariance value.  Lack of steady state conditions, inappropriate flux averaging 
periods and imperfect frequency corrections have also been found to cause an imbalance 
between the calculated fluxes and available energy.  This underestimation results in the 
sum of H and LE being smaller than the difference of Rn and G.  The ability to account 
for all the energy is termed energy balance closure.  Energy balance closure is an 
accepted process in assessing data reliability.  The reliability of the flux estimates can be 
examined by looking at the ability to close the energy balance equation.  If all the 
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measurements were made perfectly, and all assumptions were valid the energy balance 
should be equal to 1.   
1


GR
LEH
n
                                                                         (2.23) 
The literature shows that the values are generally less than 1.  In the case of 
measurements taken by well-calibrated instruments over homogeneous surfaces, where 
the available energy values are assumed to be accurate, it may de decided to force closure 
by adding to the fluxes.  
In the case where closure is to be forced, there are two options: calculate LE flux 
as a residual of the surface energy budget; or assume that even though both H and LE are 
underestimated, the ratio of H to LE was measured accurately.  Then one can adjust LE 
and H according to this ratio (Twine et al. 2000).  The Bowen-ratio is given by: 
LE
H
                                    (2.24) 
When closure is forced the extra flux will be assigned into both the sensible and latent 
heat fluxes.  To know how much flux will go into each, the following equations are used: 
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2.3.2.7. Canopy resistance and coupling factors 
 Bulk canopy resistance can be calculated using the original Penman-Monteith 
equation, using measured LE, Rn and G values.  The question most often associated with 
stomatal resistance is to what extent does it control transpiration.  During the analysis 
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process, rc values that occur before and after the sun has set and when net radiation values 
are near zero, were removed as this study only looks at data when evapotranspiration is 
occurring.  Days where precipitation occurs were also removed.  The surface 
aerodynamic resistance (s m
-1
) used in the various forms of the Penman-Monteith 
Equation was found using the following equation: 
 
 
                                 (2.26) 
 
where Zm is the height of wind speed measurements (m), zoh is the roughness length for 
heat (m), d is the zero-plane displacement height (m), LM_O is the Monin-Obukhov length 
scale (m), u* is the friction velocity (m s
-1
), k is the von Kármán constant, which is equal 
to 0.41 and ψh is the stability correction factor for atmospheric heat transfer where ψh for 
unstable conditions: 
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and stable conditions: 
L
z
h *7.4                                (2.28) 
The coupling factor, Ω, is an indication of whether ET is controlled by available 
energy or saturation deficit and canopy resistance.  It can be calculated using Equation 
2.4.  The stomatal resistance and surface aerodynamic resistance used in determining Ω 
were calculated using data taken from measurements at the eddy covariance site at 
Greenville Farm and input into equation 2.1 and 2.26 respectively.  This equation 
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assumes that the saturation deficit used was taken from the mixed layer.  In this study, Ω 
is studied diurnally making it very difficult to use the saturation deficit from the mixed 
layer because it is only measured a few times a day from local radiosonde data in Salt 
Lake City.  This then makes it necessary to comare omega values at the surface as well in 
the mixed layer to see whether it is fesible to use the saturation deficit at the surface, 
which can be calculated on an hourly basis. 
 
2.4. Results and discussion 
2.4.1. Calibration of net radiometers 
 To verify the accuracy of the net radiation measurements, a comparison of the 
NR Lite net radiometer and a more accurate Kipp & Zonen Model CNR2 net radiometer 
was performed from August through October 2008.  Figure 2.7 is an illustration of the Rn 
values from both sensors. The results indicate that the NR Lite measures lower values 
than the CNR2 with a distinct bias.  The CNR2 radiometer has four individual sensors to 
measure each solar and infrared stream of radiation, and had been recently calibrated.  
The second figure shows the linear regression.  The equation in the second graph, was 
used to adjust the NRLite values for both summer 2007 and 2008: NRnew= 1.0909NRold + 
29.524.  The third graph is the comparison of NRLite and CNR2 after the calibration. 
 
2.4.2. Adding missing data 
 
 Due to the instrument malfunction data from the soil heat flux sensors were not 
available during DOY 227-284 in 2007 and DOY 120-146 in 2008.  Soil heat flux values 
are needed to calculate Reference ET and to check for energy balance closure.  In order 
to fill these gaps a relationship of G with net radiation was examined.  Figure 2.8 shows 
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two scatter plots of the ratio of G/Rn and net radiation for all the periods where both were 
measured for both summer of 2007 and 2008.  These expressions allowed G values to be 
filled in for periods of missing data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 Comparison of NRLite and CNR2 net radiometers with a (a) 1:1 line before 
the calibration, (b) linear regression and (c) 1:1 line after calibration. 
 
 
Figure 2.9 is a comparison of the measured G values and the G values calculated 
using the equations in Figure 2.7 during summers 2007 and 2008.  These values are 
compared using a 1:1 line.  The root mean square error (RMSE) was also calculated for 
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both 2007 and 2008.  The RMSE for 2007 is 29.1 and the value for 2008 is 17.2.  Given 
these values and the relative sizes of G, it was determined that missing G values could be 
estimated as described above.   
 
 
 
 
Figure 2.8 Equations used to calculate new values of G found by graphing G/Rn and net 
radiation for (a) 2007 and (b) 2008. 
 
 
2.4.3. Energy balance 
Figure 2.10, illustrates the correlation between fluxes of Rn-G (available energy), 
and H (sensible heat flux) plus LE (latent heat flux) over the turfgrass plot before closure 
was forced in 2008.  These results concur with previous studies that the sensible and 
latent heat fluxes are being underestimated.  Unlike the Twine et al. (2000) studies, these 
results show there are days where closure is underestimated by more than 30%.  These 
discrepancies in the energy balance can be improved by forcing closure. 
Table 2.2 is a sample of daily energy balance closure values on typical days at the 
beginning of July 2007.  Values range between low closure at 0.6 and near 1.0. Twine et 
al. (2000) is among reports that suggest that these shortfalls are not associated with 
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available energy when the measurements are made accurately, rather are found to come 
from the eddy covariance technique.  They found that a variety of factors can prevent the 
eddy covariance system from measuring all the fluxes correctly, and the most reasonable 
option is to force closure to account for the measurement inaccuracies.  In order for our 
measurements to be accurate and agree with the most recent standards, energy balance 
closure was forced for both 2007 and 2008. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9 Comparison of the G values measured and G values calculated including a 1:1 
line during (a) 2007 and (b) 2008. 
 
 
The Bowen Ratio method was used to force closure, where the ratio of H/LE is 
considered to be valid and the latent and sensible heat values are adjusted accordingly. 
Figure 2.11 illustrates the diurnal changes before and after closure in the energy balance 
on DOY 199 (July 17) 2008.  Notice an increase in latent and sensible heat after closure 
was forced.  Also, during a period of advection of extra energy in the afternoon latent 
heat goes negative about an hour before latent heat becomes greater than available 
energy. 
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Figure 2.10 Illustrations of H+LE and Rn-G before closure was forced. 
 
 
Figure 2.12 is an illustration of the diurnal changes in LE and H both before and 
after closure was forced during the summer of 2008.  Although the diurnal pattern is 
similar, there is a substantial increase in flux values after closure has been forced. 
Of course forcing closure would also increase daily average flux values as seen in 
Figure 2.13.  The trends in latent and sensible heat remain the same, even though the size 
of the values have increased.  There is considerable day to day variability in the changes 
in the fluxes due to forcing closure. 
 
2.4.4. Daily ET 
Daily ET values were evaluated during the summer months of 2007 and 2008, and 
shown in Figure 2.14.  They ranged from about1.5 mm to 6.5 mm.  The average daily ET 
values during periods measured in 2007 and 2008 respectively were 3.2 mm/day and 3.1 
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mm/day before closure was forced.  After forcing closure the values increased to 4.0 
mm/day and 4.0 mm/day.  The higher values of ET (reaching near 6 mm) generally occur 
much later in the summer (July and August), when the days are warmer and dry.  The 
total ET for 2007 for 151 days was 478.6 mm unforced and 601.2 mm forced.  The total 
ET for 2008 for 151 days was 472.9 mm unforced and 608.1 mm forced. 
 
Table 2.2 Energy balance closure values on average days in July 2007 before closure was 
forced. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.15, shows the daily values of Reference ET for 2007 and 2008.  The 
Reference ET daily average value for 2007 was 4.2 mm/day and for 2008 was 4.0 
mm/day.  The total Reference ET values of 2007 and 2008 respectively are 639.0 mm 
July 2007 Before Closure 
DOY 183 0.71 
DOY 184 0.84 
DOY 185 0.71 
DOY 186 0.77 
DOY 187 0.82 
DOY 188 0.66 
DOY 189 0.73 
DOY 190 0.84 
DOY 191 0.76 
DOY 192 0.88 
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and 595.8 mm.  The data sets for summer 2007 and 2008 had missing sections at the end 
and the beginning of the season, respectively.  There were technical problems with the 
soil heat flux sensors from DOY 228-289 during the summer of 2007 and from DOY 
120-150 during the summer of 2008.  These missing values were replaced using the G 
values calculated from the equations in Figure 2.8 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11 Diurnal changes of available energy, sensible heat flux, latent heat flux and 
saturation deficit on DOY 199 2008 (a) before closure and (b) after closure. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12 Diurnal comparisons before and after forced closure of (a) LE and (b) H. 
 
36 
 
120 140 160 180 200 220 240 260 280 300
0
1
2
3
4
5
6
7
Day of Year
m
m
/d
a
y
2007
 
 
LE after forced closure
LE before forced closure
120 140 160 180 200 220 240 260 280 300
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
Day of Year
m
m
/d
a
y
2007
 
 
H after forced closure
H before forced closure
120 140 160 180 200 220 240 260 280 300
0
1
2
3
4
5
6
7
Day of Year
m
m
/d
a
y
2008
 
 
LE after forced closure
LE before forced closure
120 140 160 180 200 220 240 260 280 300
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
Day of Year
m
m
/d
a
y
2008
 
 
H after forced closure
H before forced closure
 
 
 
Figure 2.13 Daily comparisons before and after forced closure of LE and H during (a) 
2007 and (b) 2008. 
 
 
Figure 2.16 is a comparison of Reference, unforced and forced closure ET during 
the summers of 2007 and 2008.  The graphs show that generally Reference ET is larger 
than unforced ET, but is smaller or equal to forced closure ET. During period of 
advection saturation deficit and stomatal conductance play a role in the size of both 
Reference ET and actual ET, as well as whether actual ET becomes larger than Reference 
ET.  On a day without advection, available energy is often the largest controlling factor 
for ET, and actual ET is typically smaller than Reference ET. 
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Figure 2.14 Daily ET amounts in 2007 (a) unforced (b) forced and in 2008 (c) unforced 
and (d) forced.  ET yearly values average around 3.1 mm in 2007 and 3.2 mm in 2008. 
 
 
 The Reference ET values shown here were calculated using the Penman 
Monteith Equation with input values of Rn and G measured at the site.  Most users of  
Reference ET do not have access to such intensive measurements and rely on weather 
station data. The available energy must then be estimated using procedures outlined in 
Allen et al. (1998).  Figure 2.17 compares daily totals of Reference ET values calculated 
using the Penman Monteith Equation with measured available energy as well as estimates 
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from an adjacent weather station. The RMSE for 2007 is 0.85 and for 2008 it is 0.75.  
There is a small bias in 2008, where the weather station estimates are lower than those 
from the measured available energy. But the values are close enough to indicate that the 
results of Reference ET reported using the measured available energy are comparable to 
what would have been obtained using more common methods. 
 
 
 
 
 
 
 
 
 
Figure 2.15 Reference ET amounts in (a) 2007 and (b) 2008.  Reference ET yearly values 
average around 4.1 mm during 2007 and 4.0 mm during 2008. 
 
 
The literature also discusses the use of the ASCE (American Society of Civil 
Engineers) Standardized Reference ET Equation to calculate Reference ET (Allen et al. 
2005).  In this study, weather station data was input in this version of the Penman 
Monteith equation with values resembling Reference ET calculated using the FAO5 
Penman Monteith.  Although not presented here, results show that it also resulted in 
similar Reference ET values as the other two approaches.   
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Figure 2.16 Reference and actual ET amounts in (a) 2007 and (b) 2008. 
 
 
2.4.5. Crop coefficient 
Earlier the crop coefficient was introduced and defined as:  
occ ETETk /                           (2.27) 
where crop coefficient is kc, actual crop evapotranspiration is ETc, and reference crop 
evapotranspiration is ETo.  The crop coefficient attempts to incorporate climate, irrigation 
methods and effects of soil evaporation.  The daily kc values were found by summing up 
daily values of both actual ET and Reference ET and then the daily sums were input into 
Equation 2.27. 
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Figure 2.17  Comparison of Reference ET calculated using weather station and eddy 
covariance data in (a) 2007 and (b) 2008. 
 
The turfgrass kc value of 0.8, presently used by irrigation schedulers and 
researchers, is recommended by Allen in the FAO Publication #56 Expert Consultation of 
Revision of FAO Methodologies for Crop Water Requirements.  The values in this study 
are shown in Figure 2.18 for both before and after forced energy balance closure.   The 
average daily kc value calculated for 2007 was 0.75 before forced closure and 0.94 after 
forced closure.  In 2008 the average daily kc value was 0.81 before forced closure and 
1.03 after forced closure.  These differences in average daily kc occur because ET values 
are found to increase after closure is forced (see Figure 2.12), and with these increases 
ET values are occasionally found to be larger than Reference ET.  During periods when 
ET is larger than Reference ET, kc values become larger than 1.  
Seasonal variations are likely due to a combination of soils moisture changes, 
stomatal responses to changes in atmospheric conditions, and the occurrence of advection 
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of heat.  The earlier summer kc values tend to be higher, and midsummer kc values tend to 
be lower. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.18 Crop coefficient values for (a) 2007 before forced closure (b) 2007 after 
forced closure (c) 2008 before forced closure and (d) 2008 after forced closure.  The 
average daily values before and after forced closure respectively are 0.76 and 1.00 during 
2007 and 0.83 and 1.08 during 2008. 
 
 
It was shown above that Reference ET values did vary somewhat between using 
weather station data and measured available energy.  How does this translate into crop 
coefficient values?  Figure 2.19 shows the daily values of kc from forced and unforced 
closure during 2007 and 2008 using both the weather station-derived and measured 
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available energy inputs.  The top two graphs show a RMSE value of 0.26 for unforced kc 
values, RMSE value of 0.37 for forced kc values in 2007.  The bottom graphs describe a 
RMSE value of 0.14 for unforced kc values and a RMSE value of 0.20 for forced kc 
values in 2008.  These are significant differences when translated into ET.  Note the 
distinct bias after closure is forced. The values from the eddy covariance data set are 
distincly higher than the weather station, especially when values are under 1. 
The cause of the discrpency in crop coefficients must relate to the ability to 
estimate net radiation and soil heat flux using the semi-empirical approaches outlined in 
Allen et al. (1998). 
A comparisons of the actual ET values from eddy covariance data and the ET 
values calculated using the crop coefficient of 0.8 for the unforced values and 1.0 for the 
forced values during summer 2008 are seen in Figure 2.20.  A kc value of 0.8 is presently 
being used in the literature to calculate ET for turfgrass.  The daily average kc value for 
unforced ET in this study was also found to be about 0.83. The results show that when 
the unforced values of ET are compared with estimates using a kc of 0.8 there is an 
RMSE of 0.55 mm day
-1
.  When the forced values of ET are compared to estimates using 
kc of 1.0 the RMSE is 0.44.  Clearly the agreement is best when closure is forced and the 
crop coefficient is specified as 1.0. 
Figure 2.21 shows diurnal changes in the energy balance and the corresponding kc 
values during an average day without and with advection.  The actual ET associated with 
the kc values in the figures is before closure was forced.  The kc values increase at the 
beginning of the day, come to a maximum value near the middle of the day and decrease 
at the end of the day.  This pattern follows diurnal changes in ET, illustrated as the black 
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lines in the top two energy balance figures.  In the left bottom figure, all the kc values 
remain below 1 illustrating that the actual ET values remain lower than Reference ET.  In 
the right bottom figure, from 1300 until 1900 the kc values are greater than 1.  This 
occurred because there was advection of heat, saturation deficit and extra energy into the 
canopy, seen in the corresponding energy balance figure where latent heat becomes great 
than available energy at the same time sensible heat becomes negative.  This extra energy 
caused the actual ET values to become larger than Reference ET and thus exceeding 1. 
 
2.4.6. Advection 
 
Advection can affect the entire energy balance of a surface. The differences 
between a day with advection DOY 139 (May 18) 2008, and a day without advection 
DOY 179 (June 27) 2008, can be seen in Figure 2.22. Notice that later in the afternoon on 
DOY 139 sensible heat values become negative, because the transported air from 
surroundings is become warmer than the turf.   This advection of saturation deficit and 
heat enhances the transpiration rate, causing it to become larger than the available energy.  
Because LE is affected by the influx of heat and saturation deficit and becomes greater 
than available energy, this tells us that saturation deficit is the governing factor during 
afternoons with advection.  The right side illustrates a day without advection of heat.  
During this day, sensible heat remains positive and latent heat is never larger than 
available energy.  There is an increase in saturation deficit in the afternoons of both 
cases, but it is difficult to differentiate whether the advected air came from the 
surrounding areas or the ABL mixed layer as both can occur simultaneously. 
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Figure 2.19 Comparisons of (a) 2007 unforced kc (b) 2007 forced kc (c) 2008 unforced kc 
and (d) 2008 forced kc values calculated from weather station and eddy covariance data. 
 
 
Figure 2.23 illustrates the relationship between wind speeds and sensible heat 
during the same days: with advection, DOY 139 and without, DOY 179.  The day with 
experienced wind speeds as high as 2.6 m/s during the afternoon.  The day on the right 
experienced no advection and wind speeds were lower than 1 m/s.  On the day where 
there is no advection, the winds and sensible heat are still small in the mornings.  Due to 
surface heating, the sensible heat flux values do increase throughout the day.  The wind 
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speeds are never larger than about 1 m/s, and there is no advection of extra energy, and 
the surface remains warmer than the air.  The sensible heat flux never becomes negative 
in this case.  These two figures show that the role of wind on ET at this site is important 
and affects the values of sensible heat.  As wind speeds increase, sensible heat values 
become smaller and eventually negative, but during period with smaller wind speeds 
sensible heat values remain larger and never become negative. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.20 Comparison of actual ET values and ET values calculated using kc values of 
(a) 0.8 before forced closure and (b) 1.0 after forced closure. 
 
Figure 2.24 relates unforced and forced sensible heat flux to friction velocity (u*), 
which describes the measure of the intensity of turbulence.  This relationships shows that 
the majority of positive heat flux values occur during periods of low turbulence while 
negative values of sensible heat flux are most likely to occur during periods of more 
intense turbulence.  During large periods of turbulence, wind speeds are generally 
stronger (as seen in Figure 2.22) and warmer air is advected to the surface.  The results 
show heat flux was positive in the majority of cases. 
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Figure 2.21 Crop coefficient values and corresponding energy balance during the summer 
of 2008 on (a) DOY 176 a day without advection and (b) DOY 178 a day with advection. 
 
 
 
 
 
 
 
Figure 2.22 Illustration of the affect on the energy balance during a period of (a) 
advection on DOY 139 and (b) no advection on DOY 179 during the summer of 2008. 
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Figure 2.23 Diurnal changes of wind speed and sensible heat during (a) an advective 
period DOY 139 and (b) a non advective period DOY 179 2008. 
 
 
 
 
Figure 2.24 Relationship of (a) unforced sensible heat flux and friction velocity and (b) 
forced sensible heat and friction velocity during summer 2008. 
 
 
2.4.7. Stomatal resistance  
Bulk stomatal resistance is influenced by many things including solar radiation, 
temperature, saturation deficit, and soil water content (Perez et al. 2006).  Estimating the 
bulk canopy stomatal resistance was done by inverting the Penman Monteith Equation 
(Equation 2.1).  Measured values of latent heat flux, available energy, and saturation 
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deficit, were combined with estimates of aerodynamic resistance using Monin-Obukov 
Similarity (Chavez et al. 2005).  In this way, the bulk canopy stomatal resistence rc can be 
determined.   
Figure 2.25 is an illustration of how turfgrass bulk canopy resistance, rc,  
responded to saturation deficit and available energy for a typical day during 2007.  Of 
course, since LE values were used during the inversion of the equation, a relationship 
between the bulk canopy resistance and LE is expected.  In the early morning rc values 
are small.  Later in the day as net radiation increases so does saturation deficit.  During 
this period there is also advection of saturation deficit and extra heat which causes ET to 
become larger than available energy.  As the saturation deficit increases there is an 
increase in stomatal resistance as the stomates are gradually closing in order to conserve 
water.  The literature shows that the decrease in resistance after sunrise demonstrates an 
opening of the stomata in response to the increasing light and the increase of resistance in 
the late afternoon is the response of the stomata to increasing saturation deficit or water 
stress (Monteith 1965; Collatz et al. 1991; Perez et al. 2006).  These studies support the 
results shown in the following figures. 
Individual stomatal resistance values were also measured using a leaf porometer.  
Figure 2.26 illustrates the diurnal changes of stomatal resistance throughout an entire day 
during 2008, measured by a porometer.  There is a similar trend of low values in the late 
morning, and then increased stomatal resistance as the saturation deficit increases.  The  
values from the porometer tend to be much higher than the estimated bulk canopy 
resistance throughout the day.  This occurs because the stomatal resistances values have 
been calculated on different scales.  The bulk resistance used values averaged over a 
49 
 
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
0
0.5
1
1.5
2
2.5
3
S
a
tu
ra
ti
o
n
 D
e
fi
c
it
 (
k
P
a
)
 
 
Saturation Deficit
0
50
100
150
200
250
300
350
400
450
500
Hours
S
to
m
a
ta
l 
R
e
s
is
ta
n
c
e
 (
s
/m
)
DOY 235
Stomatal Resistance
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
0
100
200
300
400
500
600
W
/m
2
 
 
Available Energy
Latent Heat
0
100
200
300
400
500
600
S
to
m
a
ta
l 
R
e
s
is
ta
n
c
e
 (
s
/m
)
DOY 235
Stomatal Resistance
large area of turfgrass, while the resistance values measured with the porometer only used 
several blades of grass.  The response of the stomata to environmental conditions varies 
depending on whether measured at the leaf or canopy scale, causing variations in the 
resistance. 
 
 
Figure 2.25 Diurnal changes of bulk stomatal resistance and (a) saturation deficit, (b) net 
radiation and latent heat on DOY 235 ( August 22) 2008. 
 
 
2.4.8. ABL coupling factor analysis 
 
Recall the coupling factor equation actually uses the saturation deficit in the 
mixed-layer or Dm.  A similar calculation for the coupling factor ( ), was made by using 
an estimate of the mixed layer value of saturation deficit.  In this case, the saturation 
deficit values were calculated using mixed-layer values determined from the 0Z Salt Lake 
City radiosonde.  There is no local radiosonde data available for Logan, and the closest 
area data is available is the Salt Lake City International Airport located about 69 miles 
southwest of the Greenville Farm in Logan.  It was assumed that the saturation deficit 
values in the mixed layer between Logan and Salt Lake City are similar in typical high 
pressure conditions during the summer.   It was decided to use data from the 0Z sounding 
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because there has been turbulent mixing throughout the afternoon causing a distribution 
of potential temperature and humidity and leading to a more uniform distribution between 
the surface and mixed layer.  Z time (Zulu time also known as UTC or universal time) is 
the term used when making meteorological measurements and is 6 pm Mountain 
Daylight Time.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.26 Comparison of diurnal changes of stomatal resistance on DOY 224 (August 
11) 2008. 
 
 
Figure 2.27 shows two soundings describing potential temperature and mixing 
ratios on DOY 250 (September 6) 2008.  Measurements start at the local surface, which 
for the SLC airport is 1288 m.  The mixed layer for both the potential temperature and 
mixing ratio is located at about 1700 feet.  The values of saturation deficit are calculated 
at this point, and then used to represent Dm.  In the afternoons, it is not uncommon to see 
a very neutral mixed layer, as seen on the figure on the left because the turbulent mixing 
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by eddies can decrease the gradients of potential temperature which leads to a more 
uniform distribution in the mixed layer. 
The relationship between the mixed-layer saturation deficit and the local 
saturation deficit for a period of time between August and September 2008 is plotted in 
Figure 2.28.  The values of saturation deficit for the vegetation canopy were measured at 
the eddy covariance site, while the Dm values were calculated using SLC radiosonde data.  
The results show that drier values of saturation deficit occur in the ABL as expected.  The 
mixed layer is above the warm and moist local surface layers.  The RMSE of 0.30 kPa is 
fairly low, indicates the local and ABL saturation deficit values were fairly close under 
these conditions. This suggests that since access to ABL saturation deficit values are 
usually limited, the alternative of local saturation deficit values should give very similar 
results for omega. 
 
 
 
 
Figure 2.27 Sounding from DOY 250 illustrating the mixed layer using (a) potential 
temperature and (b) mixing ratio. 
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Figure 2.28 Relationship between canopy saturation deficit and ABL saturation deficit 
with a 1:1 line August through September 2008. 
 
Table 2.3 compares the omega values calculated using both the local saturation 
deficit values and mixed-layer values.  The two sets of values are similar during this time 
period.  These results suggest that the local saturation deficit can be used as a proxy for 
the value in the mixed-layer, which will allow the estimate of omega values for other 
times during the day. 
 
2.4.9. Canopy coupling factor analysis 
 
In order to determine the role of coupling between local turf canopy and regional 
scale atmosphere, the canopy coupling factor ( ) was computed using an inverted 
version of the modified Penman-Monteith equation (Eq. 2.1).  The values of   will help 
quantify the contribution of the advection of heat and saturation deficit from outside the 
local boundary layer to the ET values.  Specifically, the coupling factor will indicate the 
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relative importance of available energy, vs. saturation deficit and stomatal resistance to 
the ET rate. 
 
Table 2.3 Comparison of the calculated canopy coupling factor and calculated ABL 
coupling factor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.29 illustrates the diurnal changes in the omega values during typical days 
with and without advection.  Note that these are based upon the local saturation deficit 
values, for the reasons discussed above.  During the late morning hours in both cases, 
omega values are large, between 0.8 and 1, indicating relatively little mixing with the air 
above, and that available energy is the main factor controlling ET.  During the afternoon 
when there is advection the omega values drop to 0.3 indicating that saturation deficit and 
Day of Year Hour Local Omega ABL Omega 
233 1800 0.65 0.73 
234 1800 0.64 0.56 
235 1800 0.74 0.83 
237 1800 0.67 0.81 
238 1800 0.72 0.90 
239 1800 0.67 0.75 
241 1800 0.71 0.90 
242 1800 0.50 0.86 
249 1800 0.58 0.70 
250 1800 0.51 0.75 
252 1800 0.53 0.73 
253 1800 0.63 0.85 
254 1800 0.66 0.60 
255 1800 0.62 0.88 
256 1800 0.54 0.84 
258 1800 0.74 0.84 
260 1800 0.48 0.61 
261 1800 0.54 0.55 
262 1800 0.63 0.78 
263 1800 0.55 0.87 
264 1800 0.45 0.70 
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stomatal conductance are controlling factors.  During the afternoon on the day without  
advection, omega values remain large, between 0.8 and 0.9, indicating that available 
energy continues to control ET.  This is because there is relatively little mixing with the 
air above.   
The omega value describes the relative importance of available energy vs. 
saturation deficit and stomatal conductance in controlling ET.  The results show that 
saturation deficit and stomatal conductance control ET when there is advection indicated 
by the smaller omega values, and available energy controls ET when there is no 
advection and omega values are large. Similar results have been discussed by 
McNaughton and Jarvis (1983).   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.29 Diurnal changes in omega values on days (a) with advection, DOY 192 and 
(b) without advection, DOY 231 during the summer of 2008. 
 
 
Figure 2.30 illustrates diurnal changes in  , saturation deficit, latent and sensible 
heat fluxes, and available energy.  In the morning, coupling values are large (approaching 
1) while, actual ET, sensible heat, available energy, saturation deficit and wind speeds are 
all small and positive.  This indicates that there is inefficient turbulent transport between 
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the surface and the mixed layer due to small winds and that ET is being governed mainly 
by available energy during this time.  Strong turbulent mixing between the surface and 
the mixed layer later in the afternoon, as suggested by the increase in winds shown in 
Figure 2.30 (c), lead to increased transport of saturation deficit and sensible heat from the 
surrounding arid regions and mixed-layer above.  As a result the coupling values fell 
greatly, reaching values about 0.2. These results also show that available energy 
dominates ET in the morning, while saturation deficit and canopy resistance become the 
dominate factors controlling ET during the afternoon of typical days in this environment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.30 Illustrates diurnal changes between (a) omega and saturation deficit (b) 
energy balance and (c) wind speed under  advective conditons on DOY 170 (June 18) 
2008. 
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Figure 2.31 Illustrates diurnal changes between (a) omega and saturation deficit (b) 
energy balance and (d) wind speed under non advective conditons on DOY 152 (May 31) 
2008. 
 
 
Figure 2.31 illustrates results during a day with no advection due to very light 
winds.  During the morning, the coupling values are large, latent heat flux, sensible heat 
flux, saturation deficit and wind speeds are similar to those of the advective day, and ET 
is limited by available energy.  As the winds increased slightly around 1300 hours, the 
coupling values reduced slightly, sensible heat did not change, and latent heat flux, and 
saturation deficit increase.  Unlike the day with advection, sensible heat flux never 
became negative because there is inefficient turbulent transport between the surface and 
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the mixed layer since there are light winds and no advection of extra heat.  With no 
advection of warm, dry air and no extra energy, available energy continues to control ET 
and advection does not play an important role.  So the omega values remained large. 
These results bring us to the conclusion that advection plays a relatively important 
role in the energy balance and water use of turfgrass in this region.  It is necessary to 
include advection in a physically sound model of ET to determine whether available 
energy controls ET or saturation deficit and stomatal resistance. 
 
2.5 Conclusions 
 
The typical daily energy balance closure values ranged from 0.6 to 0.8.  It was 
determined that forcing closure of the energy balance would provide the most accurate 
ET estimates, due to the inherent underestimation of fluxes by eddy covariance.  
Daily water usage of Kentucky bluegrass averaged about 4.2 mm in 2007 and 4.0 
mm in 2008. The seasonal total ET value for 2007 was 639.0 mm and total ET value for 
2008 was 608.1 mm.  These values result from forcing energy balance closure.  
The daily Reference ET values averaged about 4.1 mm in 2007 and 4.0 mm in 
2008 and the total Reference ET value for 2007 was 615.8 mm and total ET value for 
2008 was 592.9 mm.  The summer of 2007 was climatologically warmer and drier than 
summer 2008.   
A crop coefficient value of 0.8 is currently used in current irrigation scheduling of 
turfgrass in the region.  The kc value calculated for the summer of 2007 was 0.75 before 
forced closure and 0.99 after forced closure.   During the summer of 2008 the kc values 
was 0.81 before forced closure and 1.03 after forced closure.  
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Even though there are daily variations the daily average kc values were very 
similar to the values currently being used if energy balance closure was not forced to 
obtain the ET values.  But when the energy balance closure was forced the crop 
coefficient was near a value of 1.0 
Bulk canopy resistance, inverted from the Penman Monteith equation, was 
correlated with changes in saturation deficit, available energy, and ET, depending on time 
of day. On afternoons with winds and advection of sensible heat, canopy resistance 
increased in the afternoon in association with increases in saturation deficit.  
The local saturation deficit and mixed layer saturation deficit obtained from 
nearby radiosonde data were found to be reasonably similar. So both could be used to 
calculate values of omega or coupling factor.  In the mornings the higher values of omega 
indicate the surface layer is is poorly coupled to the air aloft, as there are light winds.  
Available energy is the controlling factor in these cases. During the afternoons, when 
there are stronger winds and advection of saturation deficit the omega value became 
small, between 0.2 and 0.3 and the surface and mixed layer are said to be well coupled.  
These results indicate that saturation deficit and canopy resistance are controlling ET.  On 
afternoons with light winds and without advection, omega values remain large, between 
0.8 and 0.9 and the surface layer is said to be poorly coupled.  Available energy continues 
to control ET in this case 
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CHAPTER 3 
ET REPONSE OF TURFGRASS TO WATER DEFICIT 
 
 
3.1 Introduction 
A major water resource issue in arid regions is the irrigation of urban landscapes.   
Currently, many of these landscapes are over-irrigated (Feldhake et al. 1984; Throssell et 
al. 1987). One of the problems is excess water application for residential turfgrass.  
Fixing this problem does not necessarily require completely removing turfgrass, as it is 
not only important for its aesthetic appeal, but the transpiration has a cooling effect that 
helps in moderating heat during the summer as well as filtering dust and other pollutants 
and preventing erosion (Feldhake et al. 1984).  A more appropriate solution might be 
obtaining better knowledge of the water use of this vegetation, as well as which 
biophysical properties that have the greatest affect on ET.  One critical issue remains the 
level of water stress that can be induced, while maintaining an acceptable stand of 
turfgrass. 
Drought stress can affect any type of vegetation.  It influences visual quality, 
growth rate, ET rate and recuperative ability following drought-induced dormancy (Beard 
1973).  Ultimately, it is desired to quantify the minimum irrigation required to maintain 
quality turf under any given conditions.  As a first step, it is necessary to examine the 
biophysical responses and changes in ET for turf as water becomes limiting.  This is done 
by measuring changes in ET other properties of Kentucky bluegrass using eddy 
covariance techniques during a period of reduced irrigation or dry-down.  The results are 
used to determine which biophysical factors affect the ET rate under various atmospheric 
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conditions, especially the advection of heat and saturation deficit from the regional 
atmosphere.   
The ultimate goal for water management of turfgrass is efficient water use.  Water 
use of turfgrass during periods of drought stress is also critical in semiarid regions since 
droughts are common, and future water supplies are likely to be highly variable.  Once 
these properties are well explained, models can be designed to better maintain water 
management in urban regions.   
 
3.1.1. Previous and relevant studies 
Various studies have been done about turfgrass and water stress. Biran et al. 
(1981) found that delaying irrigation until the onset of temporary wilting resulted in a 
decrease of the water consumption and growth of the turf.  Their results showed that 
turfgrass under stress had a decline in photosynthesis, and a decrease in transpiration 
caused by a decrease in soil water potential.  Feldhake et al. (1984) studied the effects of 
deficit irrigation on turfgrass quality where root systems were confined and ET was 
limited to the amount of irrigation.  They found a sharp change in the slope of the quality 
vs ET relationship for turfgrass where Kentucky bluegrass decreased about 10% in 
quality with an irrigation schedule of up to 27% of ET deficit.  The major effect of up to 
27% irrigation deficit was to decrease growth, but larger deficits can cause additional 
damage at which point quality decreases dramatically.  They also found that during a 
typical day as stress increased there was about a 1.7° C increase in canopy temperature 
with each 10% reduction in ET.   These results suggest that if irrigation is limited during 
the summer months, the effects on the turfgrass become a major concern. 
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There are several key properties and processes that relate to the plant response to 
water stress. These include soil moisture, foliage temperature, stomatal conductance, and 
transpiration. 
In Jackson (1982) and Throssell et al. (1987), measurements of canopy-air 
temperature differential (ΔT) with infrared thermometers were found to be useful for 
detecting water stress and a potential use to schedule irrigation.  The use of canopy air 
temperature differential to assess water stress is based on the concept that the heating of a 
transpiring plant, under well watered conditions, is reduced by evaporation.  When water 
is limited, transpiration is reduced and leaf temperatures will rise.  Throssell et al. (1987) 
showed that ΔT was a good indicator of water stress, specifically for Kentucky bluegrass.  
Jackson (1982), discussed earlier works done with ΔT in both arid and humid regions for 
several varieties of crops, but not turfgrass.  His research showed that ΔT technique 
worked especially well in arid regions where irrigation is practiced and most needed.   
Perdomo et al. (1996) evaluated stress-resistant and susceptible Kentucky 
bluegrass genotypes that were water limited and exposed to high temperatures.  They 
observed that the stress resistance genotype maintained more open stomata (lower 
stomatal resistance), lower leaf air temperature differential (ΔT), higher transpirational 
cooling and higher turf quality.  Throssell et al. (1987) found that the greater the 
depletion of available water, the higher that values of ΔT.  So, the well-watered turf had 
the lowest values of ΔT and the more stressed the grass became the higher the ΔT values.  
This occurs because the stomates respond to water stress by closing to conserve water, 
and then the plant begins to heat up.  They also found that vapor pressure deficit is 
critical to take into account when interpreting ΔT as it has an effect on transpiration, 
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which then affects ΔT.  These studies suggest that leaf air temperature differential (ΔT) is 
useful for turf managers in scheduling irrigation but as Jackson (1982) noted this method 
may not work well for all types of vegetation, and caution must be used. 
Ervin and Koski (1998) compared tall fescue (TF) and Kentucky bluegrass (KBG) 
during periods of water stress.  They found that TF extracted more soil water from deeper 
soil layers than KBG.  When soil moisture became limited TF was able to extra enough 
water from deep soil layers to continue transpiration and maintain a lower canopy 
temperature.  Because TF was able to extra this deep soil moisture it remained green and 
viable during periods of water stress while KBG went dormant.  Bonos and Murphy 
(1999) results showed similar results when soil moisture was reduced.  Kentucky 
bluegrass maintained transpiration and continued to use water from lower soil depths 
during period of water stress.  This caused an increased in stomatal resistance in response 
to drought and the turf did not maintain a green canopy as soil moisture became limited. 
According to work done by Danielson et al. (1979) visual quality of turfgrass is 
not a good indicator of ET rates.  Poor quality turf has been found to transpire at large 
and very small ET rates depending upon available soil moisture.  While high quality turf 
has been found to transpire at rates much below maximum ET for short periods of time 
during water stress, it can almost immediately recover upon irrigation, to transpire at a 
rate equal to maximum ET.  Thus, they determined that canopy temperature is a more 
reliable indicator than visual observations at quantifying water use rates.   
The objectives of this study are to make eddy covariance measurements of ET 
over turfgrass in an arid region, during reduced irrigation, and determine which 
atmospheric and biophysical factors govern the changes in ET, especially addressing the 
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role of advection.  The ET measurements will also be used to calculate reference ET and 
crop coefficient values.  The responses of soil moisture, stomatal resistance and foliage 
temperature, will be observed and how environmental properties affect these 
measurements will be determined.  
 
3.2 Theoretical considerations 
 
3.2.1 The ET process 
Certain biophysical properties of the environment are critical to understanding 
evapotranspiration (ET).  The main properties that must be considered are available 
energy, turbulent mixing, saturation deficit and stomatal conductance.  The relationship 
between ET and these other variables is given by the well-known Penman-Monteith 
Equation: 
 
                          (3.1) 
 
where Rn is net radiation, G is soil heat flux (W m
-2
 ), cp is specific heat capacity of air (J 
kg
-1
 K
-1
),   is the slope of the saturation vapor pressure vs. temperature curve (Pa K-1),  
a is the density of moist air (kg m
-3
), ra is aerodynamic resistance (s m
-1
), rc is bulk 
canopy resistance (s m
-1
), es is saturation vapor pressure at the air temperature (Pa), and 
ea is the atmospheric vapor pressure (Pa). The value of (es-ea) is the saturation deficit of 
the air.   
And   is defined by:  
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where P is atmospheric pressure, L is latent heat of vaporization, and  is the ratio of the 
molecular weights of water vapor to dry air, equal to 0.622, (Pa K
-1
). 
Available energy is defined by Rn-G, since some of the net radiation is consumed 
by soil heat flux (G).  This energy is available to drive the fluxes of sensible heat and 
latent heat. Turbulent diffusion affects evapotranspiration rates as well, since eddies 
transport water vapor away from the evaporating surface, and maintain the saturation 
deficit near the vegetation. This efficiency of turbulence transport is hiding in ra or 
aerodynamic resistance.  
Advection can also play a role in the enhancement of ET especially in arid 
regions.  Technically, advection describes the movement of properties by the mean wind. 
In this case, we consider horizontal advection of warm, dry air from surrounding arid 
regions, over cooler and moist regions such as a plot of turfgrass.  The advected heat and 
dry air is then transported to the moist surface by turbulence. The addition of heat and 
saturation deficit to the surface greatly enhances the ET value.  The advection of 
saturation deficit from surrounding arid regions not only increases the evaporation rate, 
but also alters the energy balance (Zermeno-Gonzalez and Hipps 1997).  Figure 3.1 is a 
conceptual illustration of the role advection plays on the energy balance.  The advection 
effects are hiding in the saturation deficit term in the second half of the Penman-Monteith 
equation. The first term, associated with net radiation (Rn) and soil heat flux (G) 
expresses energy available to the surface.  Both halves of the equation are limiting factors 
of ET rates, depending on the environmental conditions at the time. 
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Figure 3.1 Illustration of the affect advection has on the energy balance. 
 
Stomatal conductance is another critical factor that limits evapotranspiration.  It is 
also connected to other variables in the Penman Monteith equation.  For example, 
stomatal conductance is known to be related to saturation deficit. During environmental 
conditions associated with advection of warm and drier air and limited water supply 
stomatal conductance may actually be reduced and decrease the rate of 
evapotranspiration.  
 
3.2.2. Reference ET 
The most common approach being used to operationally estimate ET of turfgrass 
at this time is the crop coefficient method.  Due to the complex instrumentation and 
analysis required to make reliable actual ET measurements, values are generally 
estimated using this method as it is simple.  
 Small LE  
G 
H becomes  
negative 
G 
Large H  
LE increase can 
exceed Rn-G 
Rn Rn 
Advection of heat and 
saturation deficit 
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The crop coefficient method introduces the concept of a reference surface in order 
to avoid the need to define unique evaporation parameters for any specific type of crop 
and stage of growth.  In the FAO Publication #56 Expert Consultation of Revision of 
FAO Methodologies for Crop Water Requirements (Allen et al. 1988) the reference 
surface used in calculating reference ET is defined as: “A hypothetical reference crop 
with an assumed crop height of 0.12 m, a fixed surface resistance of 70 s m
-1
 and an 
albedo of 0.23.”  This “ideal” reference surface resembles an extensive surface of green 
grass of uniform height, actively growing, completely shading the surface that is being 
adequately watered.  Few, if any surfaces completely meet these criteria.  Even irrigated 
turfgrass may not always have adequate water, and there is spatial variability in 
vegetation growth.  Due to these idealized conditions, previous studies show this method 
has a tendency to overestimate ET.   
The crop coefficient model is ETc = kc*ETo, where actual crop evapotranspiration 
is ETc, reference crop evapotranspiration is ETo, and the crop coefficient is kc.  The 
advantages of this equation are that it is simple and requires inputs that are often 
available.  All other biophysical processes are incorporated into the single value of kc that 
varies with different varieties of crops and stages of growth.  The most common uses for 
this method are irrigating scheduling and water balance studies. Unfortunately, it is 
unknown whether the kc values being used currently for irrigating scheduling of turfgrass 
are accurate.  There is no well-accepted kc value for turf.  If Reference ET is calculated, 
and then combined with actual ET measurements, kc can be calculated.  
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3.3 Methods 
3.3.1 Instrumentation and measurements 
The Kentucky Blue Grass plot used for this study is located near Logan, Utah at 
the Utah State University Greenville Farm, see Figure 3.2. The central portion of the plot 
was approximately 100 m x 90 m in size, with a fetch of about 126 m when the wind 
direction is from the southwest.  An eddy covariance instrument tower was set up on the 
downwind side to measure turbulence fluxes. 
 
 
 
Figure 3.2 Aerial view of Greenville farm and the turfgrass plot. 
 
 
A fast-response water vapor and CO2 sensor (LICOR 7500) was used to measure 
values of carbon dioxide and water vapor densities.  A 3-D sonic anemometer (CSI-
CSAT3) measured the three dimensions of wind speeds and sonic temperature.   These 
instruments were placed 1.6 m above the surface.  Figure 3.3 shows the CO2 sensor and 
3-D sonic anemometer and how they were mounted.  Data were sampled at 20 Hz and 
recorded on a CR5000 datalogger. Values obtained when winds came from behind the 
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instrument or when fetch was small were removed from the analyses.  Two soil heat flux 
plates were placed at a depth of 0.08 m near the instrument tower.  Soil temperature 
probes were installed at 0.02 and 0.06 m to measure temperature changes in the layer 
above.  Soil moisture was measured in the top 0.08 m with a CSI 616 probe. A net 
radiometer (Kipp & Zonen NR-Lite) was mounted 1.2 m above the surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Fast-response water vapor and CO2 sensor, 3-D sonic anemometer, 
temperature and humidity probe, and net radiometer. 
 
 
A dry-down was performed September 15 through October 3.  For this study new 
instruments were installed onto the existing eddy covariance tower.  These included: one 
fine wire thermocouple to measure air temperature, a Vaisala HMP45C temperature and 
humidity probe mounted at 2.0 m, three Apogee SI-111 infrared thermometers mounted 
at a height of 1.2 m, viewing north, south and west at an angle of 45°, a Kipp & Zonen 
CNR2 net radiometer mounted at 1.2 m and an Apogee pyranometer.  There were twelve 
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7.6 m x 7.6 m plots randomly assigned in the 100 m x 90 m plot, seen in Figure 3.4.  
Stomatal conductance was measured once to twice per day, in each of the 7.6 x 7.6 m 
plots, by several collaborators using a Decagon leaf porometer.   
 
 
Figure 3.4 Turfgrass plot used to make dry-down measurements. 
 
The stomatal conductance measurements were made on the same plots about the 
same time of day, every day.  Stomatal conductance was measured in each plot with a 
Decagon leaf porometer.  Foliage temperature was manually measured in each plot once 
a day using an Apogee IR sensor 1 m above the surface.  All measurements taken by 
hand were evaluated at five different areas (one at each of the four corners and one in the 
center) in each of the twelve plots, avoiding any discolored areas.  During the dry-down 
there was one scheduled irrigation on DOY 261 (September 17) where 0.38 inches of 
water were applied.  The regular irrigation schedule resumed on DOY 277 (October 4).  
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There were two days of missing data during the dry-down due to precipitation 
events.  There were also problems due to the condition of some areas of the plot.  Some 
small sections of turf were attacked by billbugs turning the grass a bright yellow color, 
mimicking damage due to water stress.  Investigators avoided taking measurements in 
these spots, as the readings would not have much meaning.   
 
3.3 Results and discussion 
3.3.1. Evapotranspiration 
The dry-down was imposed later in the season when the temperatures were lower, 
there were more precipiation events, and net radiation was smaller, resulting in lower 
values of actual and Reference ET.  There was only one irrigation, on DOY 261 
(September 17).  Due to afternoon rain showers, data from DOY 264 (September 20) and 
266 (September 22) were ignored.  Figure 3.5 shows the daily ET values both original 
and resulting from forcing energy balance closure, during the reduced irrigation period. 
The overall trend of actual and Reference ET is a reduction, the lowest values occurring 
at the end of the dry-down.  ET values are largest initially because the temperatures and 
saturation deficit values are still high and soil water was large. As water became limited, 
the reduction in transpiration presumeably resulted from lower soil water and stomatal 
conductance. However DOY 269 (September 25) was an exception, where actual ET 
exceeded the Reference ET.  This was due to the advection of heat causing the actual ET 
to become larger than the Reference ET.  These results indicate that even during the dry-
down, advection can play an important role in the energy balance. 
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Figure 3.5  Daily values of actual ET during the dry-down. 
 
Figure 3.6 illustrates the daily average values of forced and unforced kc during the 
dry-down.  There is only a small downward trend exhibited.  As the water deficit 
becomes greater, less transpiration should occur and the kc values should reduce.  The 
relatively small size of the reduction suggests that the reduction in water supply was not 
very significant in this case.  During the afternoon of DOY 269 the unforced kc values 
became larger than 1 due to the advection.  These results suggest that much of the 
observed reduction of ET was due to environmental factors other than limiting water, as 
kc values did not fall very much. 
 
3.3.2. Soil moisture 
 
Figure 3.7 illustrates the relationship between forced and unforced kc values and 
soil moisture during the dry-down.  Recall DOY 264 and 266 were removed due to 
precipitation events.  To make this figure more accurate, only days after DOY 266 are 
shown.  A downward trend in soil moisture is observed, but only from values of about 0.3 
to 0.23.  There appears to be only a small reduction in kc with the drop in soil moisture, 
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mainly after DOY 272.  It is likely that the soil moisture did not reach low enough values 
to significantly alter the ratio of actual to reference ET, until that point of the study. 
 
 
 
 
 
 
 
 
Figure 3.6 Daily values of kc during the dry-down. 
 
 
 
 
 
  
 
 
Figure 3.7 Daily values of (a) soil moisture and (b) kc values during the 2008 dry-down. 
  
Figure 3.8 shows the energy balance for a day at the beginning and a day at the 
end of the dry-down.  The figure on the left (DOY 261) was at the beginning of the dry-
down, while the figure on the right (DOY 274) was near the end when there had been no 
irrigation for eleven days.  On DOY 274 latent heat flux (LE) decreases rapidly with 
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available energy after 1500 hours.  But earlier on DOY 261 the LE value remained larger 
during the this period, despite similar values of net radiation and saturation deficit. Note 
that sensible heat became slightly negative on DOY 261, indicating weak advection.  The 
lower afternoon ET values on DOY 274 suggest a stomatal response to the saturation 
deficit that was more pronounced under limited water.  The weak advection on DOY 261 
did not likely play a role here, since it was very small. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 Comparison of the energy balance on (a) DOY 261, (b) DOY 274 , (c) wind 
speeds on DOY 261 and (d) wind speeds on DOY 274 during the 2008 dry-down. 
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3.3.3. Foliage temperature 
    
Table 3.1 is a comparison of the results from the two methods used to measure 
foliage temperature.  Both temperatures were measured during the same time of day.   
The foliage temperature measured by hand was significantly larger than those 
measured by the mounted IRTs.  This may be the result of the differences in the surfaces 
being measured. The hand measurements were made at locations throughout the field, 
including some areas partially stressed due to water or insects.  While the mounted IRTs 
only saw a small region near the tower.  Perhaps more importantly, there were three 
mounted IRT sensors looking downward and at fixed angles both towards and away from 
the sun, so averaging effects of the sunlit vs. shaded foliage in the view.  But the hand 
values were not able to account for such effects. 
 
Table 3.1. Comparison of foliage temperature taken manually and mounted during the 
dry-down in September 2008. 
 
 
 
 
 
 
 
 
 
 
 
 
 
DOY Manual IRT Temp (°C) Mounted IRT Temp (°C) 
261 31.1 26.7 
262 30.9 28.3 
263 31.0 29.4 
265 24.4 22.1 
267 21.4 20.9 
268 28.5 25.5 
269 26.2 27.1 
270 30.0 28.2 
271 32.8 28.9 
272 31.4 22.5 
273 27.3 18.4 
274 28.5 19.3 
275 22.6 20.1 
276 25.4 22.5 
277 25.8 25.2 
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The water status of a plant is better described by the difference between foliage 
and air temperature.  Figure 3.9 compares canopy minus the air temperature (ΔT) at 1400 
– 1600 each day with saturation deficit, soil moisture, sensible and latent heat fluxes, and 
net radiation.  
 
3.3.3. Stomatal resistance 
 The measured and modeled stomatal resistances can be compared, but only at 
different scales.  The calculated values of bulk canopy resistance by inverting equation 
3.1 are compared with the porometer measurements in Figure 3.10.  The bulk canopy 
values are significantly lower than the leaf values from the porometer measurements.  
This is generally the case as seen in McNaughton and Jarvis (1991).  Note that the 
inverted bulk canopy estimates are on the scale of a canopy, averaged over a large area of 
turfgrass, while the measured values are on the scale of a leaf.  Saturation deficit is 
different for each case.  An individual leaf stomatal conductance is responding to 
saturation deficit of the air directly near the leaf, while the canopy resistance is calculated 
from the saturation deficit measured several meters above the canopy.  Although the 
magnitude of the values differed, both porometer-based stomatal and canopy resistance 
estimates varied with environmental conditions in a similar way. The leaf level results 
indicate an increase in stomatal resistance after DOY 267.  But the changes in the 
inverted canopy values were much smaller. 
 
 
 
78 
 
267 268 269 270 271 272 273 274 275 276 277
-5
-4
-3
-2
-1
0
1
2
3
4
5
C
a
n
o
p
y
 m
in
u
s
 A
ir
 T
e
m
p
e
ra
tu
re
 (
d
e
g
 C
)
 
 
Delta Temperature
0
10
20
30
40
50
60
70
80
90
100
Day of Year
S
e
n
s
ib
le
 H
e
a
t 
(W
/m
2
)
Dry Down 2008
Sensible Heat
267 268 269 270 271 272 273 274 275 276 277
-5
-4
-3
-2
-1
0
1
2
3
4
5
C
a
n
o
p
y
 m
in
u
s
 A
ir
 T
e
m
p
e
ra
tu
re
 (
d
e
g
 C
)
 
 
Delta Temperature
0
50
100
150
200
250
300
350
Day of Year
L
a
te
n
t 
H
e
a
t 
(W
/m
2
)
Dry Down 2008
Latent Heat
267 268 269 270 271 272 273 274 275 276 277
-5
-4
-3
-2
-1
0
1
2
3
4
5
C
a
n
o
p
y
 m
in
u
s
 A
ir
 T
e
m
p
e
ra
tu
re
 (
d
e
g
 C
)
 
 
Delta Temperature
0
50
100
150
200
250
300
350
400
450
Day of Year
N
e
t 
R
a
d
ia
ti
o
n
 (
W
/m
2
)
Dry Down 2008
Net Radiation
267 268 269 270 271 272 273 274 275 276 277
-5
-4
-3
-2
-1
0
1
2
3
4
5
C
a
n
o
p
y
 m
in
u
s
 A
ir
 T
e
m
p
e
ra
tu
re
 (
d
e
g
 C
)
 
 
Delta Temperature
0
0.5
1
1.5
2
2.5
3
3.5
Day of Year
S
a
tu
ra
ti
o
n
 D
e
fi
c
it
 (
k
P
a
)
Dry Down 2008
Saturation Deficit
267 268 269 270 271 272 273 274 275 276 277
-5
-4
-3
-2
-1
0
1
2
3
4
5
C
a
n
o
p
y
 m
in
u
s
 A
ir
 T
e
m
p
e
ra
tu
re
 (
d
e
g
 C
)
 
 
Delta Temperature
0
0.05
0.1
0.15
0.2
0.25
0.3
Day of Year
S
o
il 
M
o
is
tu
re
Dry Down 2008
Soil Moisture
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9 Comparisons of canopy temperature minus air temperature and (a) sensible 
heat (b) latent heat (c) net radiation (d) saturation deficit and (e) soil moisture during the 
2008 dry-down 
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Figure 3.10 Comparisons of calculated rc and measured rc during the 2008 dry-down. 
 
3.4 Conclusions 
 The soil moisture data confirm that the magnitude of the water deficit was 
actually very small, indicating this was a very mild dry-down.  However, ET and values 
of kc did fall during the period.  It was shown that net radiation, soil moisture and 
saturation deficit all play a role in the decrease of ET during the dry-down.  Advection 
was able to enhance ET early in the dry-down, also suggesting the water deficit was not 
large.  
Foliage temperature measured manually was higher than the temperatures 
measured by the three mounted instruments, likely due to variations in apparent canopy 
temperature with angle of view.  Canopy temperature minus air temperature (ΔT) values 
increase from about 1.5 to reach 3.0 °C during the period.  Latent heat flux values 
decreases during the afternoon, despite no significant changes in net radiation or 
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saturation deficit. Measured leaf stomatal resistance increased during the period. 
However, it yielded values significantly higher than the inverted bulk canopy resistance.  
This difference is likely the result of differences in scale, and locations of saturation 
deficits that connect to each estimate.  
It is clear from that various biophysical components of the turfgrass ecosystem 
responded to even this very mild dry-down study.  In order to understand the responses of 
the the plants and their water use to reduced irrigation, all the key biophysical processes 
must be documented, since they depend upon each other. 
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CHAPTER 4 
SUMMARY AND GENERAL CONCLUSIONS 
 
 
4.1. Evapotranspiration of Kentucky bluegrass 
 
Evapotranspiration and the energy balance of irrigated Kentucky bluegrass was 
measured by eddy covariance over several growing seasons in a semi-arid region in 
northern Utah.  The ability to close the energy balance equation was quantified.  Daily 
values of energy balance closure were variable. They ranged from 0.5 to 1.0, but 
averaged about 0.80.  The initial ET measurements yielded daily average values of 3.2 
mm day
-1
 in 2007 and 3.1 mm day
-1
 in 2008, while ranging from 1.5 mm day
-1
 to 6.4mm 
day
-1
 .  If energy balance closure was forced the average values increased to 4.0 mm day
-
1
 . 
The initial Reference ET values were 4.2 mm day
-1
  in 2007 and 4.0 mm day
-1
  in 
2008.  The initial crop coefficient or kc daily values were 0.75 in 2007 and 0.94 in 2008.  
If energy balance closure was forced the values increased to 0.81 and 1.03.  The kc value 
of 0.80 presently used by irrigation schedulers and researchers, is quite different than the 
values found in this study, if it is concluded that closing the energy balance is the most 
accurate approach. 
By inverting the PM equation, it was possible to estimate the bulk canopy 
resistance or rc. Results showed that it was much lower than the individual leaf 
measurements, likely due to the fact that they do not have the same meaning due to scale 
issues.  But the two estimates varied with conditions in a similar fashion. The increases in 
stomatal resistance in the afternoons when saturation deficit increased, indicates that even 
under well watered conditions, stomatal conductance does limit ET of this plant. 
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In order to evaluate the relative contribution of available energy vs. advection and 
saturation deficit, the version of the PM equation with the coupling factor (omega) was 
utilized. In the typical mornings the surface was poorly coupled to the atmosphere, as 
there were very light winds.  The omega value was large, typically 0.8 to 0.9, and 
available energy was the key limit to ET.  On afternoons where winds and mixing 
occurred, air from outside the local surface layer was mixed to the surface, and advection 
of heat and saturation deficict was often observed.  In this case, the omega value reduced 
to 0.3 to 0.4, as the surface was well coupled to the regional air.  In these cases, ET  was 
sometimes greater than available energy. 
The mixed-layer saturation deficit, Dm, estimated from the Salt Lake City 
radiosondes, was used to determine a set of omega values.  The local values of D 
measured over the turf were similar to the Dm values in the afternoon. So the local values 
of D could be used in the coupling equation during the majority of times when 
radiosonde data were not available. 
The water use of irrigated turf in this region is usually governed by available 
energy during the mornings when winds are very small.  But the governing factor 
changes largely due to saturation deficit and stomatal resistance in the afternoons.  
Advection played a relatively important role in the energy balance and water used of 
turfgrass in this region, during days with winds.  
 
4.2. ET Response of turfgrass to water deficit 
 
When mild water deficit was imposed on the turf, ET was reduced.  The initial ET 
values were near 3.1 mm day
-1
 when unforced and 3.4 mm day
-1
 when forced.  By the 
end of the experiment the ET values reduced to 1.4 mm day
-1
 and 1.7 mm day
-1
, 
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respectively.  This reduction was also visible in the crop coefficient values which reduced 
from initial values of 0.90 unforced and 0.98 forced, to final values of 0.79 unforced and 
0.94 forced.   
 
4.3     Conclusions 
 
The turfgrass in a semi-arid region studied here, consumes a considerable amount 
of water used primarily for evapotranspiration.  This is evident in ET measurements 
values averaging around 4.0 mm day
-1
.  A decision to force closure was made in this 
study and it was found to considerably alter the ET values.  The underestimate of fluxes 
by eddy covariance, and what to do in response remains a crtical issue in studies like this.  
Forcing closure may not always be the most appropriate choice and caution needs to be 
used.  
Significant daily variations in ET of turfgrass result when there is advection of 
heat from the surrounding areas or the atmospheric boundary layer.  In this study, 
advection was found to be strongly connected with the size of mean horizontal wind 
speed, as winds at this site tend to be fairly low. 
 The results suggest larger values of crop coefficients than the values used 
currently for irrigated turfgrass.  Future data may provide more information about crop 
coefficients and how they vary with changing environmental conditions. The results of 
this study suggest that improvements can be made to the ET models of irrigated turfgrass 
in urban environments. A key factor that needs to be determined in a better way is the 
transport of wamr and dry air from outside the local canopy. More knowledge of the 
coupling factor, the use of the coupled Penman-Monteith equation, and incorporating a 
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stomatal conductance model would yield valuable information about how to model the 
ET of irrigated turfgrass under a range of envirommental conditions. 
More experiments are needed to study the response of the energy balance and 
biophysical properties of turfgrass to reduced irrigation. The ultimate goal of conserving 
water in urban landscapes will require both accurate ET models, and knowledge of the 
minimum water to apply under any conditions to maintain the plants in an acceptable 
condition. 
